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A Hybrid Geometric Optical-Radiative Transfer
Approach for Modeling Albedo and Directional
Reflectance of Discontinuous Canopies
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Abstract— A new model for the bidirectional reflectance of
a vegetation cover combines principles of geometric optics and
radiative transfer. It relies on gap probabilities and path length
distributions to model the penetration of irradiance from a
parallel source and the single and multiple scattering of that
irradiance in the direction of an observer. The model applies
to vegetation covers of discrete plant crowns that are randomly
centered both on the plane and within a layer of variable
thickness above it. Crowns assume a spheroidal shape with
arbitrary height to width ratio. Geometric optics easily mod-
els the irradiance that penetrates the vegetation cover directly,
is scattered by the soil, and exits without further scattering
by the vegetation. Within a plant crown, the probability of
scattering is a negative exponential function of path Ilength.
Within-crown scattering provides the source for singly-scattered
radiation, which exits with probabilities proportional to further
path-length distributions in the direction of exitance (including
the hotspot effect). Single scattering provides the source for
double scattering, and then higher order pairs of scattering are
solved successively by a convolution function. Early validations
using data from a conifer stand near Howland, Maine, show
reasonable agreement between modeled and observed reflectance.

I. INTRODUCTION

HE purpose of this paper is to present a new model

for the directional reflectance of vegetation canopies and
to show some initial results from attempts to validate the
model using data currently available. The new model draws
heavily from past work in geometric optics, and also includes
multiple scattering effects in a manner similar to radiative
transfer models—hence the new model’s description as a hy-
brid geometric-optical radiative-transfer model. Additionally,
the model is formulated explicitly to deal with discontinuous
canopies, where the presence of gaps in the canopy has
significant effects on both the amount of irradiance passing
directly through the canopy and the directional reflectance
of the canopy—and in particular, the hotspot. Thus, gap
probabilities play a major role in this new model by influencing
the calculation of the distribution of pathlengths through the
canopy, the distribution of single-scattering source radiation,
and the calculation of an openness factor which is used to
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model multiple scattering and the scattering of the diffuse sky
irradiance.

The scene model underlying this new hybrid model is
the same discrete-object model used in our previous work
on geometric optics [1], [2]. The scene is composed of
three-dimensional objects, which in this case are individual
plant crowns, that when taken together comprise the plant
canopy. Their shapes, size, and count density are all important
parameters describing the scene. This scene mode! contrasts
significantly with plane-parallel models for canopies, and is
particularly suited for discontinuous plant canopies. The new
hybrid model is designed for use at the scale of patches of
vegetation, or areas large enough to be characterized by the
means of parameters, but also homogeneous enough that those
means exhibit stationary. For forests, which have served as the
primary environment driving the development of this model.
the appropriate scale of application is a forest stand, which
could range in area from a single hectare to tens or hundreds
of hectares.

The primary focus of this paper concerns the use of the
new hybrid model for studying the directional reflectance and
albedo of plant canopies. However. the model also allows
for calculation of a wide variety of radiation quantities as a
function of height in the canopy. Thus, the model should also
prove useful for studies of surface energy balance and a variety
of canopy processes, such as photosynthesis and transpiration.

II. BACKGROUND

The modeling of directional reflectance of vegetated sur-
faces is at present a highly active research field. The research
in this area is extensive and has been recently reviewed.
[3]-[6]. For the purposes of this paper. two approaches to
modeling reflectance are of particular relevance: radiative
transfer and geometric optics. In the radiative transfer ap-
proach, the vegetation canopy is treated as a volume-scattering
medium using principles and physical approximations orig-
inally developed for the atmosphere. Typically, leaves are
taken as discrete scattering elements. The approach requires
determination of a number of physical constants that describe
leaf characteristics, such as their scattering phase function and
single scattering albedo, and other constants that describe their
structure, such as leaf size and shape, leaf area index, and leaf
angle distribution [7]. Usually a plane-parallel leaf canopy is
assumed, which is more appropriate for crop canopies than
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natural vegetation canopies, which exhibit gaps and openings.
Some models based on radiative transfer have included three-
dimensional effects. as well as geometric-optical principles, to
describe single-scattering behavior [8].

The radiative transfer approach is probably the most ac-
curate at modeling reflectance at the micro scale, but also
requires the most calibration. Further, the computational load
is often large when the radiative transfer equation is to be
solved with high accuracy. Another difficulty lies in validation,
which requires careful measurements of radiances as well
as simultaneous measurements of numerous leaf and canopy
parameters and downwelling directional irradiance. Ground-
based measurements of crop canopies are typically used, as
collected, for example, by the PARABOLA instrument [9].
These factors contribute to making the use of models based
on the radiative transfer equation impractical for applications
at landscape scales.

In the geometric-optical approach, the reflectance is
modeled as a function of the self-shadowing structure of
the canopy, which is treated as a collection of discrete
objects—individual plant crowns—that are arranged on a
plane. The pattern of sunlit and shadowed objects and
background that is seen from a particular viewing position
is taken as the primary factor controlling the directional
reflectance [1], [2]. The pattern of light and shade associated
with the scene is modeled using geometric optics, Boolean
set mathematics, and theorems from stereology [10]-{12].
Originally developed as a practical alternative to radiative
transfer models for complex. naturally-vegetated land surfaces
that cannot be approximated as plane-parallel canopies, the
geometric-optical approach has been extended to leaves as
objects in both plane-parallel and discrete canopies [13],
[14]. In essence, the geometric-optical approach amounts
to a careful description of single scattering with a very
simplified treatment of multiple scattering. A similar approach
to modeling for directional reflectance of forest covers was
developed independently by Estonian researchers in the former
USSR [15], [16] and became available in the western literature
at about the same time as our publications [17]. Though
these two approaches share some similarity, they have also
significant differences. Notably, we tend to clearly distinguish
intercrown and between-crown gaps and to emphasize the
importance of K., the proportion of the sunlit and viewed
crown surface. This enables us to treat mutual shadowing and
the directional effect of clumping properly.

Validation of geometric-optical models is generally easier
than validation of other types, since the canopy parameters
and component radiances are not difficult to measure. Aircraft
instruments, such as the Advanced Silicon Array Spectrometer
[ 18], which can make directional measurements of radiances
over large vegetated areas, can provide suitable data if cor-
rected for atmosphere effects [19].

The intent of the new hybrid model is to incorporate the
strengths of both approaches, which is a careful description
of single scattering from geometric-optics, and the effects of
higher orders of scattering from radiative transfer theory. The
result of this combination should be an accurate model of the
tull range of quantities addressable via radiative transfer, while
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continuing 10 be applicable for discontinuous canopies and at
landscape scales.

III. GAP PROBABILITIES IN VEGETATION CANOPIES

Gap probability is the probability that a photon incident
upon a vegetation canopy will pass directly through the canopy
without being intercepted by a leaf, branch, or stem. Typical
models for gap probability are of the form

—kL/ cost

(h

> —
Lgap = ¢

where L is the leaf area index. & is the fraction of the foliage
area projected toward the angle of incidence, and # is the
zenith angle of incidence. This mode] has been widely used
for homogeneous vegetation canopies |20].

Most real vegetation canopies, and especially canopies
of arboreal vegetation covers, depart significantly from this
simple model. A significant part of the total gap will be present
as gaps between individual crowns, which we have previously
termed as I’(n = (), where n is the number of plant crowns
penetrated by a ray, and modeled as a function of crown size,
shape, and count density. Besides these intercrown gaps, we
explicitly modeled within-crown F,.,(s) as a tunction of the
within-crown pathlength « at the scale of leaves [21]

-5 k(6)),

Deap(s.0) = ¢ (2)

Here, k(#) is the leaf area projection factor for the direction
. D, is the foliage area volume density (FAVD) with units
m~'. Unless otherwise mentioned, we’ll assume the leaf
area is uniformly distributed within the crowns, and thus D,
is constant within crowns, zero outside. We'll use 7(f) =
k{#)D, as a parameter describing projected foliage density in
the direction #. This equation is very similar to (1) in form.
but it explicitly discards the assumption of a horizontal layer
implied in (1). Hence it is available for dealing with various
canopy structures through the distribution of pathlengths s
given the geometry/structure of an average single crown. Then
the mean F,,, over an area A becomes

gap
1// —r(@)stey)
= — e S de dy
A A
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Here, I’(s) denotes probability density function of s; similarly
we will use P (y | ) for probability density function of y
given condition & in the latter text.

Note that since P, determines the proportion of radiation
flux that is not scattered by foliage, (1 — Pgap) will be
the fraction of the incoming flux reflected, transmitted, or
absorbed by foliage. After interception, the reflected and
transmitted light become scattered flux into other directions
and further scattering/absorption is again determined by the
exit-pathlength distribution and its correlation to the incoming-
pathlength distribution. Hence, the modeling of Py, becomes
a key linking geometric-optical and radiative-transfer models
of 3-D discrete crown canopies.

A typical 1-D radiative transfer equation for a horizontally
homeogeneous and infinite canopy is often applied to solve for
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[{z.Q), the specific energy intensity at given direction and
solid angle (2, at given wavelength in absence of polarization.
Usually we can decompose [ into uncollided ;) and scattercd
components I;. /... in successive order, and apply the
equation only to two successive orders of scattering iteratively.
starting from attenuation only for [y, which is

[0('1’,' Y. :’) = jsun(Hi)Cirﬂ(‘r‘y.:ﬁl)

= [illﬂ(ﬁi‘)PL{{lp('S.(;‘ll')‘:U‘:"Hi)) (4)

where [, (0;) is specific energy intensity and is assumed
to be the only external radiance from zenith angle §; above
the canopy, the canopy is assumed azimuthally isotropic and
the solar azimuthal angle ¢; is omitted for simplicity; 7
is assumed constant, and s is the within-canopy pathlength
for the raybeam at the given direction to reach the point
{x.y.z). Equation (4), like (1), can be obtained from either
the radiative transfer equation under given conditions or from
pure statistical geometry.

In this model, we are not interested in uncollided radiance at
each point, but rather in its probability distribution at the height
h—that is, P(Iy | h. 6;). Given the height, (4) tells us that I, at
gvery point (:c.y. z) is @ monotone function of the pathlength
at that point, hence the distribution of [, at the height h can
be obtained from the probability density distribution of the
pathlengths s at h, or P{s | h.6,}. Our model does not treat
1, as i, y independent as in a |-D homogeneous layer model,
nor do we need to calculate exactly its value at every «.y. ~
as in some 3-D models. Instead we only need to calculate
Pls | b 8;).

Further, after we have distribution ot /;; with height, we can
obtain the distribution of the fraction of beam irradiance with
height that collides with leaf canopy material. The unabsorbed
proportion of that irradiance is scattered, thus providing the
distribution of single-scattering source radiance.

IV. THE VERTICAL DISTRIBUTION
OF SUNLIT CROWN SURFACE

In order to calculate P(s | . 6;). we need first to obtain the
probability that a solar raybeam will reach a point at height
h without hitting any crown /’(n = 0 | h.#,;). This is pure
geometric statistics. By definition, at any point directly reached
by a solar raybeam, the within-crown pathlength at this point
is zero, and there is no scattering before the raybeam reaches
this point. But at this point, the solar raybeam may or may
not enter a crown. In the former case, the pathlength is also
zero but the raybeam starts the scattering process. In order to
make expressions simpler, from now on, we will exclude the
case n = 0 from all probability distributions of s or {y or
example, (s = 0| h.#;), does not include P(n = 0] h.6;),
but the probability that a raybeam first enters a crown. The
only exception to this is for points on the ground, where a
solid surface is assumed.

In this section, we'll assume that the foliage is contained in
spherical crowns of radius 2. Since the spherical model can
be easily extended to the spheroid model [21], this assumption
will not cause the model to lose generality. Given the 3-D
distribution of crown centers and the geometry of crowns
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Fig. 1. Geometry of V1. If and only if there are no crown centers (cross) in
T} (volume enclosed by dashed lines). the point (., y) can be reached by
direct sunlight without penetrating other crowns (solid circles).

at the ground surface (h = 0).P(n = 0| h = 0.6;) has
been well modeled [13], [21]. This corresponds to solving for
the proportion of sunlit background. If the crown centers are
distributed at the same height H. P(n = 0 | h.#;) has also
been obtained for all heights % [2]. In the case that the crown
centers are distributed between a lower boundary h; and an
upper boundary %5, P(n = 0| h.d;) for any A ranging from
h1 — R 10 ho + R can be obtained as follows.

Assuming that a point at height A receives a direct irradiance
from direction 4;, then there must be no crown centers within
the volume of a crown sphere centered at this point, otherwise
the point will be contained within a crown and will not receive
the direct raybeam. In addition. there will be no crown centers
in a cylinder of radius I? around the raybeam before it reaches
the point, otherwise, the point will be shaded. Since we have
assumed that crown centers are distributed within boundaries
fr1 and hs. hence the volume of this sphere and its projection
toward the sun, intersected by %, and £+ planes, determines the
P(n = 0| h.6;). We will denote this volume as ¥ (Fig. [).

Therefore, P(n = 0 | h.6;), the probability that no crown
is centered within the volume VI, can be obtained given
the distribution of crown centers and crown geometry. For
simplicity, we will assume that crown centers are randomly
and independently distributed over the . y plane and from h,
to ho in height. Then P(n =0 | h. ;) = ¢~ 7 where A, is
the volume Poisson counts of crown centers. The calculation of
P{n =01 h.8;) hence becomes the calculation of the volume
Vr, which is integrated from I'(%)in [22]. Non-Poisson vertical
distributions can also be handled at this step.

The quantity P(n = 0| h.#;) can also be understood as the
areal proportion of a plane at height / intercepted by sunlight
that has not passed through a tree crown. Hence in a horizontal
thin layer Ak, the difference P(n =0 | h.6;) — P(n = 0|
(h — Al.8;) is the areal proportion where the solar beam
first enters canopies and starts the scattering process within
this thin layer Ah. We will call this the vertical distribution
of directly sunlit crown surface (s = 0 | h.#;), which is
the areal proportion projected on the horizontal plane at the
height 7 along solar direction.
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Fig. 2. Probability of sunlit crown surface. Here the default (unlabelled) curve is for a canopy composed of spherical crowns with radius R = 4 m that
are centered randomly between heights of 10 to 25 m above the ground. Stem density is 7 = 30 per 900 m? providing areal coverage of 81%. The solar
angle is 60 degrees. The labeled curves are for the same case, with only labeled parameter changed.

Fig. 2 shows a few examples of (s = 0 | h.6,) for
different illumination angles and crown geometries. Compared
to homogeneous layer models, where only the top of the
canopy is directly sunlit and thus its (s = 0 | h,6;) should
be unity at the top of the canopy and zero at any other
height, we can see clearly how much the given examples
depart from a homogeneous layer model. The shapes of these
graphs are intuitively interpretable, given the changes in scene
parameters. In the default case, only a small amount of sunlit
surface occurs near the bottom of canopy. The effect of moving
the sun to a nadir position reduces the amount of sunlit crown
surface in the top of the canopy, but results in a slight increase
toward the bottom of the canopy. Similarly, the reduction
in tree crown radius or count density also has the effect of
allowing more direct sunlight lower into the canopy.

V. DISTRIBUTION OF SCATTERING PATHLENGTH

Knowing the vertical distribution of sunlit crown surface,
it is easy to get the pathlength distribution of sunbeams
after entering a crown and traveling to a height A, ie.,
P(s" | h.8;) = P(s = 0| h + s cosb;,8;), where s is
the pathlength after entering the canopy. However, the real
scattering pathlength (i.e., within-crown pathlength) should be
smaller than s’ because the sunbeam may exit the crown before
reaching h.

The easiest way to get the actual scattering pathlength s
from a given s’ may be to calculate along the path s’ the
probability that a point is within a crown. But since a crown
has a specific size and shape, once a sunbeam enters a crown,
it will keep traveling along a segment within the crown till it
exits. In other words, along the pathlength ', the probabilities
of two subsequent points are spatially correlated. Since a
raybeam is attenuated exponentially along s, we need to model
more accurately the scattering pathlength immediately after it
enters a crown.

Knowing P(s’ | h,6;), for any given s’, we can calculate the
probability associated with the number of crowns penetrated
by this pathlength, P(n | s') noting that the raybeam has
entered at least one crown. According to [21], the distribution
P(s | h,8;) of scattering pathlength in discrete crown canopies
can be obtained by a nested convolution process of (s |
h,8;), P(n | s') and P(s | n.s’) which is the distribution
of pathlengths given the number of crowns penetrated along
s’. However, at present we expect an approximation simpler
than this convolution procedure would be more appropriate for
understanding this mechanism. This approximation basically
follows the process of convolution but replaces the innermost
integral involving P(s | n,¢') by simple overlap mean of n
crowns over $'. The procedure takes into account the fact that
the scattering pathlength in the discrete canopy is determined
by free overlapping of segments, and thus is accurate when s’
is small, where most single scattering occurs. However, this
approximation may yield some spikes when s’ is large.

Fig. 3 shows P(s | h.6;) at different heights for a given
canopy structure and illumination geometry. The peaks cor-
respond to n = 1.2, 3.... respectively. The increasing path-
length of the first peak with descending height is related to
the change of mean passing a single crown to reach h. The
X-axis is scaled by cosf; for convenience, and thus records
vertical distance into the canopy.

Note that although Fig. 3 shows P(s | h.6;) as a set of
continuous distributions, it is in fact discrete, with unequal in-
tervals between discrete s values. Each P(s | h, ;) represents
the average areal proportion on the / plane where the raybeam
passes approximately a within-crown pathlength s.

VI. VERTICAL DISTRIBUTION OF
THE SINGLE SCATTERING SOURCE

The distribution of s is obtained for all points shaded from
the sun on the plane at the height 4. including points both
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Fig. 3. Pathlength distributions at selected heights in the canopy. Each curve is probability density function (scale not shown). The .\'-axis for each curve
is placed at the proper canopy height and the probability is shown by the curve above it with amplitude expanded by a factor of 25. All parameters are the
same as the default case in Fig. 2 except that the crown centers are randomly centered between 10 m to 12 m above the ground.

inside and outside of crowns. In order to simplify the problem,
here we assume the same distribution applies to both kinds of
points. Then the discrete distribution of Iy inside crowns or
in shadow at height £ will be the same as the distribution of
s since each discrete s corresponds to a unique /Iy value, i.c.,
P(ly | h,8;) = P(s | h,f;). Again, the intervals between
consequent discrete Ip values are unequal, determined by
Asdly/ds. Note that we use the physical meaning of areal
proportion rather than a conventional probability density distri-
bution because the clear relation between this areal proportion
and the corresponding incoming pathlength is more important
in our problem than the equality of the intervals.

P({Iy | h.8;) applies to both within-crown and shaded
points, but scattering happens only inside crowns. Hence the
within-crown areal proportion corresponding to a certain [,

has to be scaled by a factor: fp = a g vt where Vi

(I-P(n=01.6,))"
is the volume of a sphere centered at /» and intersected by h;
and ho.

Knowing the areal proportion of a certain /Iy, the collided
part Al of Iy within a thin interval Ah should have the same
areal proportion as the corresponding f,. That is,

P(AI) — ¢TI (s | hof)

—
=Pl | 1.6:)/5. (3

Note that this distribution is again discrete. associated with
certain Ah. For reasonable values of #;, if we use Ah small
enough, we can approximate As = scc#;Ah, as if the
scattering occurs within the intersection of crowns at height
h and a full depth Ah.

VII. HOTSPOT EFFECTS OF SINGLE SCATTERING

The contribution of single-scattering in canopies to the
BRDF may include a strong hotspot effect that can be de-
scribed at two scales: crowns and leaves.

At the scale of crowns, the hotspot comes from the corre-
lation between P(s | h.6;) and P(s | h,8,). A special case
is the correlation between P(s = 0 \midh.8;) and P(s = 0
| 1, 6,,). This correlation is the same as in our previous pure G-
O model and is determined by the overlap volume Vi (k, 0;.6,)
of Vr(h.8;) and Vr(h,8,). The probability that a point at A
is directly sunlit and viewed will be

I)(T?, - 00 ‘ h) — e—/\.,(Vp(h.ﬂﬂ«#"}(h,&u)~Vg(h,9iﬁu)) (6)

where n = 00 indicates no crown shades a point at height A
in both directions of illumination and viewing.

Knowing P(n = 00 | h). the sunlit and viewed crown
surface within a thin layer A4 should have an area proportion
projected along the viewing direction on the horizontal plane:

P(s=0]h,8,)P(n=200]h)
Pn=0]|h8,) ’

where P(s = 0 | h.8,) and P(n = 0 | h,6,) are analogous
to P(s = 0| h,6;) and P(n =0 | h.8;).

Note that P,(s = 00 | h) is the areal proportion of such
sunlit and viewed crown surface area in a height interval A#h,
projected to a horizontal plane along the viewing direction,
and its integration along h yields K.. If the foliage area
volume density goes to infinity, crown surface scaitering
dominates and the model will converge to our previous pure
geometric-optical model for “solid crowns.” P,(s = 00 | &)
defines the vertical distribution of the sunlit and viewed crown
surface where there is the highest positive correlation between
the illumination and viewing directions. In this model we
no longer assume crown surface reflection dominates. The
correlation extends into the crowns, but for a given geometry,
the deeper the raybeam penetrates, the weaker the correlation
will be, except at the hotspot where the correlation continues to
be unity along the raybeam throughout the canopy. Similarly,
P(s=0/|h,8,)— P,(s = 00| h) defines the distribution of
surface area where negative correlation between scattering and

P,(s=00]|h)= (N
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exiting attenuation dominates. The integration of this quantity
along A yields K in our previous G-O model, defined as areal
proportion of viewed crown surface in shade.

Therefore, we model the coefficient of correlation between
single scattering and exiting attenuation as

_ ZI),,(,S’ = 00 l z)(f(}’*Z)/R
- ZP(S =0 ‘ Z-H,,)(j(h—t/}?

where both summations are taken for all z > h. Then the total
scattering contributed to a view direction v at the height h
is the sum of positively and negatively correlated means of
scattering and attenuation product. weighted by the respective
areal proportions.

The hotspot effect at the scale of the leaf consists of two
parts. One is logically similar to the hotspot at the scale of the
crown: if a raybeam reaches a point after pathlengths s without
collision with a leaf, there will be no leaf centered in a volume
with depth equal to s and a cross-section equal to the size of a
leaf. Thus, we can model the correlation function for incidence
and viewing pathlengths as a function of the overlap in this
volume for the incidence path with the volume of the viewing
path. This is a very sharp hotspot effect for all reasonable
leaf size and FAVD. Another component of contribution from
leaves to directional reflection comes from the leaf angle
distribution. This contribution is modeled similar to [2, (2)],
and many of other researchers” works. So we will not repeat
the formulation here. Under the assumption of bilambertian
reflectance and spherical leaf angle distribution, this integral
has a simple analytic form [23], and will contribute a mild
hotspot determined only by the phase angle between ¢.v
directions. However, if leaves have preferred orientation or
nonbilambertian surface reflectance, this mild “hotspot” may
not be at the direction backward to the sun, and digital
integration may be needed. We have calculated results for such
cases, but we prefer to keep the above simplified assumption
unless evidence shows it to be untenable.

Then, the contribution of the single-scattering source radi-
ance to BRDF is modeled as Iy = I+ Iy + I, +1. + 1.,
where I, and I. are contributions from directly viewed sunlit
or shaded ground: I. is the contribution from the canopy
volume in the projection of K. I, is from the canopy volume
in projection of K; and I, is the contribution from scattering
from the ground that is further attenuated by canopies before
reaching the viewer. This contribution is assumed to be equally
distributed over K. and K, and thus should be part of
the signatures ' and 7 in our previous G-O model. The
contribution of [, may bear strong directional characteristics
in sparse stands as we modeled before. and interested readers
may refer to our earlier publications. Note that I, may also
include a leaf-scale hotspot effect, but since usually in a forest
the tree height is far larger than dimensions of leaves, such a
narrow hotspot is practically undetectable, hence this effect is
ignored in this model.

y(h) (8)

VIII. OPENNESS DISTRIBUTION
OF DISCRETE CROWN CANOPIES

The vertical distribution of sunlit crown surface is very
useful to describe the interaction of direct sunlight and crowns,
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but it is directly related to a certain solar zenith angle.
Frequently, we need to know in general how “open™ the
crown surface is to diffused skylight. Therefore we define
the “openness™ of a horizontal plane at the height 7 as the
percentage of hemispherically isotropic sky irradiance passing
through this plane without being intercepted by crowns. In
other words

Kopen(h) = /0

where § is zenith angle taken as a variable. In a thin horizontal
layer from h — Ah to h, the proportion of hemispherical
isotropic skylight entering the canopy within this layer will be

(MK

P(n=10|h,0)sin28 db, 9)

Wl

AKpen(h) = / Ps=0]|h.f)sin26 df. (10

J 0

AKopen(h) describes how a hemispherical diffuse skylight
interacts directly with crown surface at the height 4. On
the other hand, assuming scattering sources arc randomly
distributed in a thin layer at kb, AKopen(h)/ (1 — Kopen(h))
indicates the areal proportion of upward scattered radiation
exiting the canopy without further scattering. Similarly, by
ignoring the effect of trunks and assuming the symmetry of
canopies 10 (ha + h1)/2, Kopen(ho + h1 — h) describes the
direct interaction between foliage scattering and the ground
surface.

At the ground, Kopen(h = 0) describes how much diffused
skylight reaches the ground directly without passing through
tree crowns. Reciprocally, it also describes how much up-
ward lambertian reflection from ground exits directly to the
atmosphere.

This concept is important because it differentiates the be-
havior of the discrete crown canopy and the homogeneous
layer canopy with respect to the effects of diffuse skylight and
multiple scattering.

IX. MULTIPLE SCATTERING AND TOTAL
DOWNWARD RADIATION TO GROUND

Knowing the distribution of single scattering source at any
h, for simplicity we further assume half of the total single
scattering goes upward and the other half downward at the
height h in canopies

w .

Joth) = Jo(h)y =35 > P(AIy | WAL, (11)
where the summation is taken for all Al; we obtained from
calculating single scattering sources, and w is the spherical
albedo of leaves. On the ground, there is only upward surface
scattering, so we have

Jp(h=0) = pPn=0]h.0;) sun

+ ZP(I(] ‘ h = 0. HL)I()] (12)
Note that here J is used to indicate radiant flux with no
direction considered except upward or downward, noted by
+/—. J has units watts/m?. Part of .J, (h) may directly exit
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the canopy through gaps between crowns. The proportion of
such upward leakage is

ARyO])(‘Il(‘}I')
1 - ]\rnpl'u(h’)

Lis(h) = (13)

and downward leakage will be

AKgpenlliy + hy — h)

Li_(h) = . for h > hy — R.
) = U T he —ny T
(14)
At the ground, we assume L, = 0 and Ly = Ropen(h =

0) i.e., a solid lambertian surface. This assumption can be
replaced by a BRDF model of snow or soil if needed in the
futurc. Knowing the total single scattering flux at the height %
and assuming the scattering sources are spread randomly but
without further leakage, the total radiation reaching another
height -. > > h. will be

Jog th — 2}

= (= L ()00

S0

/9
w2

sin(20)e " TTER g (15)

where T'(z. h.0) = sccf [/ (1 — ¢ B4 dy is the mean
pathlength from k to z along a given direction. In a thin layer
centered at z, the total contribution of .J(h) to the next order
of scattering will be

(1 = Ly (h)J(R) / in(20)
JO

,—-T_\.s')(lfr’l‘(;h.ﬁ)dﬁ.

Jg(h — z) =
(16)

where As = AT'(z, L. #). Note the mean pathlength calculated
here is different from (7)—(9), which are more accurate for
small s" by taking into account the spatial correlation of
pathlength segments. However, as in (22) and (23), a spike-
free smooth transform from s to s will be more appropriate. In
this transform, we no longer know whether the two ends of s’
are inside a crown or not, since .J; and the scattering thickness
are both averaged over a thin horizontal layer including both
crown cross-sections and gaps between crowns.

The contribution of J(h) to the next order scattering within
a thin layer centered at /. itself will be

J(h = h) = %(2 — L (h) = L (B))J(h)
- /2
X / sin(26)(1 — Y A )
Jo
where As = (1 - ¢ MV8)secAL)2.
Similarly, for any height z < h, we have
Jo_(h—z)={1 - L (h)J(
/2 B
x / sin(20 7= Ndp - (18)
Jo
and
w e
T.(h - d\:g(,l—f,k,(h))](h)/ <in{26)
Jo
X (1= o772y Tl gy (19)

When z = 0, i.e., at the ground surface, (25) no longer
applies. since now we know that the other end of s’ is on
ground, which is always out of tree crowns. Therefore,

w2
Jo_(h — 2z=0)=J(h) / sin(26)

0

X E[Pgap | ho + h1 — h.8]df (20)

where E[Pgap | ho + hi — h, 6] is the mean of within-crown
Pyap. quantitatively equal to the mean attenuated irradiance
Iy, given an assumed unit of beam irradiance at direction ¢ as
the only input. Then we have the contribution of J(£) to the
next order of scattering on the ground

Jh—2=0)=pedo(h—2=0) Zh

where we also assume the ground is a smooth solid Lambertian
surface and hence J(/ = 0) has no contribution to the next
order scattering on the ground itself.
Similarly,
T/

Jo(h=0—2y=Jh=0) / / sin(26)
Jo
X E[Pgap | ha + by — 2.0]df (22)

and

J(h=0—2z) = gA.](,+(l1 =0 2) (23)

The layer-source dilution function .J,(h — z) determines
how the next order scattering source is distributed vertically
given a scattering source at i, JJ(h). A convolution-like oper-
ation then can be applied successively. Each time after such a
dilution operation, we will obtain: 1) a vertical distribution
JmH+(h) of scattering source for the next order: 2) an
upward exiting radiance density /,,4(#) for this order of
scattering; 3) averaged total upward and downward radiation
at any height within the canopy and the downward flux at the
ground.

With the initial source distribution .J{(h) generated by
direct sunlight, we can obtain the next order scattering source
distribution:

ho+R
T = " Tz = [ TV (k)

z=(

(24)

where “|J'V(h)" means given the vertical distribution of
the first order scattering source. Similarly, any successive
mnth order of scattering can be calculated from the vertical
distribution of the (m — 1)th order scattering source. Fig. 4
shows how the first order scattering is diluted into successive
orders for different canopies. The total radiation reaching any
horizontal plane i will be the superposition of these orders of
radiation. Therefore the accumulated scattering source at the
height i will be

A

Jace(h) = Z ,](\"':‘(:}])‘

m=1

(25)

where M is assumed large enough so that residual scattering
of higher orders is small. General speaking, the more open
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Fig. 4. Dilution of multiple scattering sources within canopy. Successive curves are for successive order of scattering with the lowest orders to the right.
(a) Has the same parameters as Fig. 3, ie., vertical coverage 81%, while projected LAI is 3, equivalent to 7 = 0.28 m; leaf spherical albedo w =
0.972 which makes leaf reflectance p = 0.486; ground albedo (ps =) 0.242. (b) Changes only n to 10, resulting in a vertical coverage of 43%. The

Iy reaching the ground has been more than tripled from 15.9% to 49.3%.

the canopy, the fewer orders of scattering will be needed. For
all cases we have tried, M = 16 has been enough, even if
we set w and p,, to unity (no absorption at all). However, if
the canopy is totally closed and absorption is low, M would
need 1o be larger. We may develop an estimate of needed M
later, but now we assume that discrete canopies have enough
openness that M does not present of a problem.

Note that accumulated source Jn.(h) is within a thin
horizontal layer Ah at any height within canopies, but it may
occur at a solid surface of ground. For such acase, the total
absorption will be

Jabs(h = O) = Jacc(h = U)(l - ps)/ps; (26)

and for h > 0

Jabs(h) = 2Jacc(h)(1 — w)/w. @27

Fig. 5 shows the total downwelling radiation to the ground
surface (Joec(h = 0)) as a function of ground albedo for
several canopy structures. The effects of multiple scattering
are evident in the general increase in Jy..(h = 0) with
ground albedo. Also of interest is the relative independence
of Jace(h = 0) to the ground albedo for an open canopy
with only 43% coverage. This occurs because there is little
back-and-forth scattering between canopies and the ground.
The lack of sensitivity of crown shapes is also interesting,
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(c) Changes the solar zenith angle from 60 degrees to 15 degrees, while other parameters are kept the same as (a). (c) has an uncollided

solar radiation to ground about double that of (a). However, crown coverage is the same, (c) shows a similar dilution pattern as (a), while (b) has

almost nothing left after the third-order scattering.
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Fig. 5. Amount of radiation reaching the ground. The default parameters are the same as in Fig. 4(a). For 43% coverage (n = 10), the total radiation reaching the
ground changes little with increasing ground albedo, because of the openness of the canopy. However, for 81% coverage, though the uncollided solar radiation
is less, the total downward radiation to ground increases with ground albedo more rapidly due to the high leaf albedo (0.972) and the nearly closed canopy. At a
solar zenith angle of 15 degrees, more direct uncollided sunlight penetrates to the ground, and thus the total radiation to ground is almost uniformly higher than
the default curve (for solar zenith 60 degrees). Note that on this curve, the total radiation down to the ground may be greater than the total incoming radiation
to this pixel, because multiple scattering is accumulated in calculating the total absorption of ground. Keeping single crown LAI unchanged (3.0) and changing
crown shape via the B/R ratio, little change is noted due to a relatively sparse character of the individual crowns (low FAVD) and the relatively closed canopy.

and attributable to the high areal crown coverage and constant
LAI of the examples used.

Fig. 6 shows the ground surface absorption for the same
combinations of canopy structures and illumination angles.
It provides both the total absorption and the portion due
to multiple scattering. Again the effect of crown shapes is
minimal, while the effects of the openness of the canopy and
solar zenith angle are more apparent.

The above mentioned albedo or reflectance/transmittance
should be understood as being spectrally dependent. The
spectral albedo above the canopy will be one minus the

fraction of incoming radiation absorbed by foliage and ground.
Given the incoming spectrum of illumination, the wide-band
albedo above the canopy can be estimated as cited in [24].

X. VALIDATION OF THE HYBRID MODEL

In an attempt to validate the model, data from the test site
in Howland, Maine were used. These data were not collected
for the purpose of validating this model, and as such are less
than ideal. However, these data do provide the opportunity for
some investigation of the validity of the model until other data
can be collected that are more appropriate. The details of the
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Fig. 7. Total absorption within canopies as a function of foliage reflectance (p) for the same cases as in Fig. 5. The default case is the unlabelled line.

Note that the foliage reflectance for Figs. 4-6 is 0.486.

test site and data collection are presented in [24], [25]. The
site has 1161 trees per hectare, hp = 123 m, Ay = 7.5 m
(approximated by using mean height plus/minus two standard
deviations). Mean crown radius is 2.2 m and B/R ratio is 1.6.
The solar zenith angle is 58.79 degrees at the time the field
measurements were taken. LAI was measured using the Licor
LAI-2000 instrument, 3.89 + 0.49 according to [25].

Fig. 7 shows the total absorption of foliage for the same
structures in Fig. 3, but as functions of leaf reflectance (i.e.,
w/2).

The spectral albedos at the solar zenith angle of 58.79 are
interpolated from the PARABOLA measurements presented
in {25, Fig. 12].

The field measurements of w at the first two PARABOLA
wavelengths (662 nm, 826 nm) are 0.1039, 0.9134. No field
measurements are available for wavelength 1660 nm, so we
have to assume a typical shape for leaf spectral reflectance and

transmittance curves, and estimate it from the values of other
two wavelengths, to be approximately 0.6. The understory
consists of litter, ferns, moss and grasses. The field measured
pe is 0.0503, 0.3248, and an estimated 0.3 at the wavelength
1660 nm. Because of the high crown coverage and large solar
zenith angle, this estimate does not affect the result much.

A problem with the field data concerns the reliability of
LAI measurements. The Licor instrument was designed for
homogeneous canopies. When it is used for measuring LAI in
forests, it encounters several problems. First, the results are not
really LAI, but TPAI (Total Plant Area Index, coined in {25]).
From the raw measurements, there is no way to determine the
proportion of TPAI contributed by LAI. Secondly, the TPAI
estimates are usually underestimated because of clustering
of TPAI in tree crowns, branches and trunks. Since better
measurements are not available, we made a simple assumption
that LAI is one half of TPAI but its share varies linearly
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Fig. 8. Hemispherical spectral albedo. Dots are PARABOLA measurements from {25, Fig. 12]. (a) Red band (662 nm); (b) NIR (826 nm); (¢) SWIR (1658 nm).

from the situation of all leaves at the top of canopy to
all trunks/branches at the bottom of the canopy. Without
field measurements of the spectral reflectance of trunks and
branches, we further assume that they are very absorptive
in all three bands. Under this assumption, we tried different
TPAI values and found the results were not overly sensitive
for reasonable values of TPAI Using single crown TPAI = 6.6
(discussed further below), corresponding to 7 = 0.70 m, the
model gives the following results: where Abs_g and Abs_f

Wavelength Measured Modeled Abs_g  Abs_f
(nm) Albedo  Albedo

662 0.021 0.019 0.030 0.95
826 0.24 0.27 0.053 0.68
1658 0.14 0.15 0.038 0.81

are the fraction absorbed by ground and foliage respectively.

The PARABOLA measurements of albdeo serve two pur-
poses. First, they help to validate the behavior of the model
on albedo estimates. The ability to estimate albedos closely
at three different wavelengths using the same set of scene

parameters is encouraging. Secondly, the albedo measurements
serve as a basis of comparison for estimation of TPAIL Based
on the results of albedo estimation, a single crown TPAI of
6.6 was used for all future model runs and tests of directional
reflectance. Fig. 8 shows the PARABOLA measurements of
spectral albedo at eight different solar zenith angles, taken
from [25, Fig. 12] and the model estimates.

Satisfied by the agreement between modeled albedo and
PARABOLA data, we further compared the model results
and PARABOLA measurements of directional reflectance, as
shown in Fig. 9. For different solar zenith angles, ASAS
images are used to validate the model, the fit using the same
parameter set is also good [24], [26].

XI. DISCUSSION

Fig. 8 shows that the model follows the change of albedo
with solar zenith angle very well in red band, reasonably
well in SWIR and NIR. However, there is a general trend
to overestimate albedo at large solar zenith angles in NIR
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35.5 degrees, respectively.

and SWIR bands. This may be the result of our reasonable
but simple assumption about the linear increase of share of
LAI in TPAI from the bottom to the top of the crowns. This
assumption in cases of NIR and SWIR bands may lead to less
absorptive elements in the top of the canopy, which governs
the albedo at large solar zenith angles. It also may be a result
of an overestimated TPAI. The selection of the value 6.6
for TPAI proceeded from an inversion-like procedure—we
changed the TPAI value and compared the model output
for spectral albedos, then compared them with PARABOLA
measurements at the solar zenith angle 58.79 degrees, and
selected the one which fits all three bands reasonably well.
However, because of the uncertainty of the share of LAI in
TPAI and of the albedo of trunks and branches, no serious

attempt at inversion has been made. For example, if we
assume the branches and trunks are not 100% absorptive
but only absorb 95% of incident irradiation, we have much
better agreement in all three bands with a TPAI value of 5.5.
However, more accurate measurements for real LAI, TPAI and
albedo of trunks and branches are needed before serious efforts
for future analysis and inversion can be made. At present,
we have to make reasonable and simple assumptions and
regard TPAI as an intelligent guess instead of an inversion
result.

Fig. 9 shows that the model results agree well with
PARABOLA measurements in the principal plane in general
trends and magnitude. But there are some disagreements, most
notably in the range between nadir and the hotspot. Because
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the PARABOLA measurements between the hotspot and nadir
show similar patterns for all solar zenith angles, it may be
that the instrument does not have a large enough FOV (field
of view) to average sunlit and shaded crowns and is always
looking at some sunlit crown surface at 15 and 30 degrees
and is always looking at a mostly shaded spot at nadir where
the FOV at the top of canopy is 2.6 m in diameter.

In order to examine this further, ASAS data were used to
compare with the model results (Fig. 10). The solar zenith
angle during the ASAS flight was 58.79 degrees. Only the NIR
band is used (red band data were not available due to technical
problems and ASAS spectral coverage does not include the
SWIR band). The agreement on average value and general
trend is slightly better than that of PARABOLA data. However,
the model still tends to underestimate directional reflectance
in the range from the hotspot to nadir and to overestimate the
deep bottom of the bowl shape. In Fig. 9, the contribution
of single scattering is also presented. It appears that the

directional characteristics of multiple scattering have to be
considered if we need to further improve the model. One way
to evaluate this concern was to compare these results with our
previous attempts to model the directional reflectance of the
Howland site using the pure G-O model and the field measured
signatures C' (0.4) and T (0.04) for sunlit and shaded crown
respectively. To compare these two models, we calculated
the mean contribution C; and 7T, from single scattering to
the signatures C' and T. We obtained C, = 0.22 and T, =
0.02.

It is interesting to note that the G-O model with field mea-
sured signatures provides better estimates of the directional
reflectance as measured by ASAS than do the data presented
in Fig. 10. It is also interesting to note that the ratios C/C;
and T'/T, (0.4/0.22 and 0.04/0.02) are very close to a constant.
In our present hybrid model, we treat multiple scattering as
spreading over the whole horizontal plane, regardless whether
it exits from sunlit or shaded crown surface or from the ground,
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and thus it is equivalent to model the " in the pure G-O
model as C =~ C, + cpr and T = T, + cvp; where ay; is the
contribution of multiple scattering to the modeled albedo a.
In this case « is 0.27, and «vp; is 0.087. Therefore, modeled
C will be smailer and modeled 7" will be greater than the
measured values. The field measured signatures and the better
fitting of G-O model both suggest that most multiple scattering
still exits from the sunlit crown surface. However. we have to
acquire more field measurements to conclude whether or in
what cases the directional pattern of multiple scattering has to
be taken into account.

We may conclude that the hybrid model works well, while
further improvement can be achieved by considering the
directional characteristic of multiple scattering, or from the
fact that opaque and highly absorptive trunk/branch elements
are not randomly distributed horizontally but concentrated in
the central part of a crown, producing a much darker T than is
modeled presently. However, it is unwise to make the model
too complicated before more field measurements (especially
LLAI and TPAI distribution) are acquired and more BRDF
comparisons confirm the necessity.

Fig. 9 also shows that the hybrid model gives higher
reflectance at large viewing zenith angles especially for the
smallest solar zenith angle (35.5 degrees) than measured val-
ues. This may be because of the simple assumption that crown
centers are uniformly distributed in mean height plus/minus
two standard deviations, which may overestimate mutual shad-
ing in the viewing direction. It may also result from the fact
that PARABOLA is not high enough above the canopy and
its FOV angle is relatively large (15 degrees), and thus it
may underestimate the mutual shading effects at the large
viewing zenith angles by always “seeing” some shaded crown
surface. The only way these questions can be resolved is future
validation and field measurements.

Diffuse sky light may play an important role in the interac-
tion between radiation and the canopy. In fact, the concept of
openness was developed from our earlier successful effort to

for directional reflectance;

model the shaded ground signature Z in the case that diffuse
skylight may not be ignored [27]. If the sky light is strongly
specular (around the direct sun beam), we can decompose it
into a set of directional irradiances with appropriate weights,
and apply the theorem of superposition. In many cases, diffuse
skylight (or at the least part of it) can be modeled as hemi-
spherically isotropic, then this part can be easily added into
secondary scattering source as downward scattering radiance
through the AK,pen(h). Since Howland data were collected
under very clear sky conditions [24, Table 1], diffuse sky light
is not considered in the model results in this paper in order to
analyse the model’s behavior clearly.

In summary, the discrete crown canopy is characterized first
by its vertical sunlit and viewed crown surface distributions
and corresponding pathlength distributions. These distributions
may play important roles not only in BRDF modeling, but also
in many other research areas concerning forest and woodlands,
such as studies of photosynthesis, soil moisture budgets, and
the energy balance of snow. Then the correlation between
solar direction and exiting direction is modeled at the scales of
both crown and leaf. All the above are accomplished through
the application of geometric optics. Then single scattering and
multiple scattering are calculated according to the pathlength
distributions in a way more similar to the radiative trans-
fer approach, except that a vertical openness distribution is
introduced.

Though this model may appear complicated, its final form
is fairly simple and easy to apply, similar to our previous
geometric-optical models. However, the component signatures
needed for our previous models are now determined by the
spectral scattering properties of the leaf and ground as well as
the structural parameters of the plant canopies. Its simplicity
may yield a promising potential in future model inversion.
Though the initial validation results are encouraging, more
validation efforts (especially in sparser forest canopies), and
field measurements (especially distribution patterns of LAI,
TPAI, crown size and tree height) are needed.
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